In 2002, a strain of Sagiyama virus (SAGV) designated ML/Taiwan/02 was isolated from farmed pigs in Taiwan. The nsP1 and E1 gene sequences of the ML/Taiwan/02 strain shared 98.6 and 96.7% homology, respectively, with corresponding genes of a Japanese strain of SAGV. Nucleotide and amino acid sequence comparison revealed this strain of SAGV to be most closely related to Getah virus, as opposed to its current classification as a subtype of Ross River virus. To investigate the seroprevalence of SAGV infection in Taiwan, a total of 586 pig sera collected from 11 of 17 Taiwanese districts were tested for serum neutralizing antibodies (SNA) against SAGV. Results indicated that 51% of the samples had SNA titer $4, and 40% had SNA titer $48, indicative of repeated exposure to SAGV in the field. To study the pathogenicity of the ML/ Taiwan/02 strain, this strain was experimentally inoculated into 4-week-old specific-pathogen-free pigs that were seronegative for SAGV. Viremia was detected during postinoculation days (PID) 2-4, when the SNA titer was #16. By PID 7, viremia was no longer detectable, coinciding with the increase of SNA titer to $48. Clinical illnesses or remarkable lesions were not observed. To the authors' knowledge, this is the first reported isolation of a strain of SAGV from pigs in the field. The virus is experimentally nonpathogenic to pigs but is moderately widespread, most likely via repeated exposure to virus-carrying mosquitoes.
Introduction
Sagiyama virus (SAGV), an arthropod-borne virus, is a member of the genus Alphavirus in the family Togaviridae. 23 The virus was first isolated in Japan from Culex tritaeniorhynchus mosquitoes in 1956. 18 The SAGV belongs to the Semliki Forest virus (SFV) complex and is now classified as a subtype of Ross River virus (RRV). 25 Serologic testing and biological characteristics have, however, indicated that SAGV is closely related to Getah virus (GETV). 7 The genome of Alphavirus is a linear, singlestranded, positive-sense RNA 23 that is 11,698 nucleotides long, 22 with a 59-methylated nucleotide cap and a polyadenylated 39 end. 23 The 59 two-thirds of the genome encode 4 nonstructural proteins (nsP), including nsP1, nsP2, nsP3, and nsP4, which mediate viral RNA synthesis. 23 The 39 third of the genome, translated from the subgenomic RNA, encodes 5 structural proteins, including 1 nucleocapsid protein C and 3 envelope glycoproteins: E1, E2, and E3. 23 A previously published report indicated that SAGV causes pyrexia, skin eruptions, edema of the hind limbs, and enlargement of the submandibular lymph nodes in horses. 10 Another report indicated that SAGV is nonpathogenic to most laboratory animals, except for suckling mice and chicken embryos. 19 In Japan, pigs, horses, birds, and humans may respond to SAGV infection in nature; however, clinical lesions have not been observed. 18 In the study reported here, a strain of SAGV was first isolated from farmed pigs in Taiwan in 2002; subsequently, seroprevalence of SAGV in the Taiwan pig population and the virus' pathogenicity in pigs were further investigated.
Materials and methods
Virus isolation. Four 9-week-old pigs, with growth retardation, panting, abdominal breathing, and arthritis, were submitted from a farm in the Miaoli district of central Taiwan. Pooled tissue samples including lungs, liver, spleen, kidneys, brain, intestines, tonsils, and submandibular and maxillary lymph nodes were homogenized for inoculation onto the following cultured cells: swine testicle (ST; ATCC a CRL-1746), porcine kidney-15 (PK-15; ATCC CCL-33), African green monkey kidney (Vero; ATCC CCL-81), rabbit kidney-13 (RK-13; ATCC CCL-37), and baby hamster kidney-21 (BHK-21; ATCC CCL-10). The cells were observed daily for cytopathic effect (CPE). Negative-staining electron microscopy of the supernatant from CPE-inducing cells was performed to observe virus-like particles similar to those seen in a previous study. 2 Extraction of RNA and reverse transcription polymerase chain reaction analysis. Viral RNA was extracted from supernatant of the CPE-inducing cell cultures using a commercial kit. b Viral genes were first amplified by polymerase chain reaction (PCR) analysis, using a set of 50 oligonucleotide random primers, c then were sequenced and compared with sequences in the NCBI database. The SAGV-specific sequences were amplified using 3 pairs of oligonucleotide primers designed from published sequences. 22 One pair of primers for the nonstructural protein 1 (nsP1) gene were: forward primer 59-AAACTGATTGAGCAAGAGGTTCC-39 (nucleotides [nt] 220-242 of the genomic sequence), and reverse primer 59-CCAGTACGCCGTCCTGACAC-39 (nt 600-581). The expected size of PCR products was 381 bp. Two pairs of primers for the envelope glycoprotein 1 (E1) gene were: forward primer 59-CGGCGCATACTGCTTCTGCG-39 (nt 10,241-10,260) and reverse primer 59-GACGTGC-CTCTCTCTTTTATCC-39 (nt 10,720-10,699); and forward primer 59-CTGCCCTCAAGTTGTCAAGAC-39 (nt 10,621-10,641) and reverse primer 59-ACTGCGGCG-AGTGTTAGCCC-39 (nt 11,245-11,226). The expected size of PCR products was 480 and 625 bp, respectively.
The Japanese encephalitis virus (JEV)-specific sequences were amplified using 1 pair of oligonucleotide primers designed from the NCBI database (GenBank accession number U70396): forward primer 59-GGGAATGGG-CAATCGTGAC-39 (nt 12-30 of the genomic sequence) and reverse primer 59-GTCAGTGACTGAAGCAT-GATA-39 (nt 201-181). The expected size of PCR products was 190 bp. Reverse transcriptase (RT-) PCR analysis was performed in a volume of 50 ml containing 5 ml of 103 reaction buffer with 15 mM MgCl 2 , d 8 U of RNase inhibitor, d 5 U of AMV reverse transcriptase, d 0.25 U of Taq DNA polymerase, d 0.25 mM each dNTP, d 0.2 mM each primer, and 5 ml of the RNA template. Reactions were initially reverse transcribed at 42uC for 40 minutes, heated at 94uC for 50 seconds, then followed by 40 cycles of 94uC for 30 seconds, 55uC for 30 seconds, and 72uC for 30 seconds, with final extension at 72uC for 7 minutes.
Extraction of DNA and PCR analysis. Viral DNA was extracted from the supernatant of the CPE-inducing cell cultures using a commercial kit. b The porcine circovirus type 2 (PCV-2)-specific sequences that were amplified using 1 pair of oligonucleotide primers were: forward primer 59-GGTTTGTAGCCTCAGCCAAAGC-39 (nt 1,169-1,190 of the genomic sequence), and reverse primer 59-GCACCTTCGGATATACTGTCAAGG-39 (nt 1,584-1,561). 24 The PCR analysis was performed as published, 24 and the expected size of PCR products was 415 bp.
Nucleotide sequencing and analysis of PCR products. The PCR products were purified by use of a spin column b and were cloned by use of the TOPO TA cloning kit. e Nucleotide sequencing was performed using the BigDye Terminator Cycles Sequencing kit f and ABI PRISM 3100 Genetic Analyzer. f The sequences were analyzed using the Clustal W method of MegAlign-expert sequence analysis software. g Serum neutralization antibody test. Serum samples were obtained from 6-month-old pigs in the auction markets of 11 districts in Taiwan in July 2002. Sera were 2-fold serially diluted from 1:4 to 1:512 with minimum essential medium e in duplicate wells. Then SAGV viral fluid (50 ml) containing 100 median tissue culture infective doses (TCID 50 ) was mixed with 50 ml of diluted serum and incubated at 37uC for 1 hour before a suspension of Vero cells, approximately 10 5 in 50 ml, was added to each well. The test was read on the fourth day by examining CPE and SNA titer (reciprocal of highest dilution of serum neutralizing virus infectivity) was the arithmetic mean of titers obtained from the duplicate wells.
Experimental animal infection. Five seronegative, 4week-old, specifi-pathogen-free (SPF) pigs were inoculated intramuscularly with 10 7 TCID 50 of SAGV strain ML/ Taiwan/02 in 6 ml of cell culture supernatant. The infected pigs were monitored daily for clinical signs of disease, and rectal temperature was recorded. Whole-blood samples collected on postinoculation day (PID) 2, 4, 7, and 9 were used for virus isolation and serum neutralization tests. Swab specimens of oral and nasal secretions from each pig also were used for virus isolation. One pig each was sacrificed on each of the indicated days, and tissue specimens from the lungs, liver, spleen, kidneys, brain, intestines, tonsils, and submandibular and maxillary lymph nodes were collected and stored at 270uC for virus isolation.
Results
Virus isolation and identification. The CPE, characterized by cell rounding, pyknosis, and lysis, was observed in various cells, including ST, PK-15, Vero, RK-13, and BHK-21 cells. Negative-staining electron microscopy of the supernatant from CPEinducing cells revealed virus-like particles (Fig. 1 ). These particles were spherical in shape, with an envelope, and were about 50-70 nm in diameter, consistent in size and morphology with that of togaviruses or flaviviruses.
Nucleotide sequencing and analysis of the PCR products. The DNA fragments were obtained by amplification with random primers, and the sequences were 98% identical to SAGV in the NCBI database, compared with those obtained by use of basic local alignment search tool (BLAST). The PCR amplification with primers specific for SAGV, JEV, and PCV-2 also yielded DNA fragments. Samples from all 4 pigs were SAGV and PCV-2 positive, and 2 of them were JEV positive. The nsP1 gene (GenBank accession number DQ138298) and E1 gene (GenBank accession number DQ138299) of the ML/Taiwan/02 strain were compared with those of other strains of SAGV and GETV and RRV (Tables 1, 2 ). The nsP1 nucleotide sequence (346 bp) of the ML/Taiwan/02 shared 98.6% homology with an SAGV strain isolated from animals in Japan, 97.4% homology with GETV, and 84.8% homology with RRV. The nsP1 amino acid sequence of the ML/Taiwan/02 strain was 100% identical with the SAGV strains and GETV, and 91.2% identical with the RRV. The E1 nucleotide sequence (965 bp) of the ML/Taiwan/02 strain shared 96.6-99.6% homology with various Japanese strains, 92.4% with GETV, and 74.4% with RRV. The E1 amino acid sequence of the ML/ Taiwan/02 strain shared 98.1-99.7% homology with other SAGV strains, 94.7% with GETV, and 86.3% with RRV.
Prevalence of serum neutralization antibodies in pigs. Of the 586 sera, covering samples from various districts of Taiwan (Table 3) , results for 290 (49%) were negative (,4), whereas those for 296 (51%) were positive, with titer ranging from 4 to 512 (4-32: 11%, 48-512: 36%; .512: 4%). The average seropositive rates were 50% in northern Taiwan, 45% in central Taiwan, 61% in southern Taiwan, and 74% in eastern Taiwan, without significant regional differences. The seropositive rates in 2 offshore island districts, Kinmen and Penghu, were 21 and 0%, respectively.
Experimental animal infection. To study the pathogenicity of the ML/Taiwan/02 strain in pigs, experimentally infected pigs were monitored for clinical signs of disease, viral replication in various tissues, and antibody response to the virus. Clinical signs of disease were not observed in any of the 5 pigs examined. Results of testing of oral and nasal swab specimens for virus isolation were negative. In the experimentally infected pig sacrificed at PID 2, virus was recovered from the kidney and serum, whereas in the pig sacrificed on PID 4, virus was recovered from the spleen, tonsils, and lymph nodes. Virus was not recovered from the 2 pigs sacrificed on PID 7 and 9. Anti-SAGV serum neutralizing antibody was initially detected on PID 4, when titer ranged from 6 to 16 * Amino acid sequence homologies (%) are shown below the diagonal (the lower left corner) and nucleotide sequence homologies (%) are shown above the diagonal (the upper right corner). The GenBank accession numbers are: U94598 for GETV/MM2021; DQ138298 for ML/Taiwan/02, a strain of SAGV from pigs; M20162 for RRV/NB5092; AB032553 for SAGV/Japan; and U94601 for SAGV/Ori. (Table 4 ). By PID 7-9, the SNA titer increased to between 48 and 64.
Discussion
Antibody response to SAGV in pigs was reported in a previous investigation, 18 but virus was not isolated from those pigs. The study reported here is the first to reveal isolation of SAGV from farmed pigs (i.e., under field conditions). This study also indicates that pigs can support low levels of viral replication in various organs with transient periods of viremia, suggesting that pigs are a member of the SAGV infection cycle, which is also supported by the 51% seropositive rate (columns 3-5, Table 3 ) among the Taiwan pig population. Viral E1 sequences obtained from the pigs (strain ML/Taiwan/02) and mosquitoes (designated SAGV/Taiwan strain, GenBank accession number AF242890) had 99.6-99.7% homology ( Table 2 ), suggesting that the virus found in pigs may be present in, and thus, transmitted via mosquitoes. It is also noteworthy that, in 40% of the pig population, SNA titer against SAGV was in the range of 48 to $512 (columns 4-5, Table 3 ), much higher than the 48-64 range (Table 4 ) for the experimentally infected pigs, suggesting that most SNA titers shown in Table 3 likely resulted from repeated natural exposure to SAGV-carrying mosquitoes. Because virus was not isolated from the oral and nasal swab specimens from experimentally infected pigs, ''contact'' and ''aerosol'' are less likely modes for SAGV transmission.
The SAGV is now classified as a subtype of RRV. 25 Results of our study, however, indicated that SAGV was highly homologous with GETV, in nucleotide and amino acid sequences of nsP1 and E1, rather than with RRV, suggesting that SAGV may be closely related to GETV (Tables 1, 2), consistent with results obtained by others. 17, 22, 26 A variety of cell lines are susceptible to SAGV and develop CPE after infection. 19 Various animal species, including pigs, horses, birds, some laboratory animals, and humans, also are susceptible to SAGV; however, lesions have been observed only in inoculated horses, suckling mice, and chicken embryos. 10, 19 The clinical signs in diseased racehorses caused by naturally acquired GETV infection are similar to those induced by experimental inoculation of SAGV in horses. 6, 10, 20 In pigs, GETV is mildly pathogenic in experimentally infected pregnant sows and piglets, 5, 11 and has also been isolated from dead fetuses of a naturally infected sow. 21 Other studies indicate that pigs are susceptible to SAGV and develop low hemagglutination-inhibition antibody titer, 5 but SAGV is nonpathogenic for pigs. 19 Taking together the available results from gene and amino acid sequence comparisons and the similarities of their pathogenicity in horses and pigs, it has been suggested that SAGV is a strain of GETV. 22 The transient nature of the viremia that develops in animals renders isolation of SAGV of little diagnostic value; consequently, antibody prevalence is frequently viewed as an indicator of infection. 3 The 51% seropositive rate (Table 3) found in this study indicated that about half of the pig population had been infected with SAGV before the survey. In particular, results of the SNA test for pigs from 2 offshore island districts, namely Penghu and Kinmen, indicated 100 and 79% seronegativity, respectively, and titer was lower than that in pigs on the main island, suggesting that, in these offshore districts, SAGV has not become widespread at this time.
The SAGV has been isolated from 2 species of mammal-feeding mosquitoes (i.e., Culex tritaeniorhynchus and Aedes vexans), 15, 18 and both species are present throughout Taiwan. 12, 13 It is conceivable that SAGV may use mammals as primary hosts in its enzootic cycle, and through these biting vectors, the virus may be transmitted to various animal species, including pigs, chickens, humans, and other mammals. 4 In the enzootic cycle, interspecies transmission is possible, where pigs may play a role in amplifying GETV 9,11 before horses are infected. 8 Since birds can be naturally infected with SAGV, and alphaviruses can cause viremia in birds, 16 migrating birds may also be involved in viral transmission, 16, 22 although there is no experimental evidence to support this hypothesis. Taiwan is located in the subtropical zone, between latitudes 22 and 25uN, where moist weather throughout the year favors insect proliferation, which in turn facilitates viral transmission. One report indicated that C. tritaeniorhynchus reaches highest population densities in September, August, and July in northern, central, and southern Taiwan, repectively, 13 so opportunity for SAGV transmission among pigs may be higher in the summer. A study done in Japan also indicated that pigs infected with SAGV were found from late July until early September, the season when the mosquito population was maximal. 18 In this study, SAGV was isolated from porcine tissues co-infected with JEV and PCV-2. However, pigs experimentally infected with SAGV alone did not develop remarkable lesions; thus, the clinical signs of disease observed in these submitted pigs may have been caused by PCV-2. 14 The JEV co-infection seen in 2 of the 4 pigs of this study may be subclinical. Because SAGV may coexist with JEV in pigs, 18 and C. tritaeniorhynchus also is the main vector for JEV transmission, it is likely that SAGV and JEV were transmitted together via blood. Results of another study also indicated that JEV infection in pigs occurs throughout the year, and the prevalence rate is 70, 59, 52, and 49% in northern, eastern, southern, and central regions of Taiwan, respectively. 1 Multiple infections with SAGV, JEV, and PCV-2 in pigs may synergistically cause more serious illness than does single infection because, as seen in the experimental infection results, SAGV is recovered mostly from hemolymphatic organs, which participate in host defense mechanisms. Complete understanding of SAGV pathogenesis in pigs is important.
In conclusion, this is the first study in which an SAGV was isolated from pigs under natural conditions. Although the ML/Taiwan/02 strain is nonpathogenic to pigs after experimentally induced infection, the seroprevalence rate of infection was 51% in the Taiwan pig population. Results of genetic analysis suggest that SAGV is most closely related to GETV, as opposed to its current classification as a subtype of RRV. 25 
